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1
METHOD AND A DEVICE FOR ATTRACTING
MAGNETIC PARTICLES TO A SURFACE

FIELD OF THE INVENTION

The invention relates to a method for attracting magnetic
particles to a contact surface by magnetic fields. Moreover, it
relates to a sensor device in which magnetic particles are
attracted to a contact surface.

BACKGROUND OF THE INVENTION

From the US 2011/0279114, a method and a sensor device
are known in which magnetic particles are attracted to a
sensor surface by the application of pulsed magnetic fields.
Chains of magnetic particles that form at the sensor surface
during the “on” times of the magnetic field can break up
during the “oft” times of the field, thus allowing also remote
particles of the chains to reach the surface by diftusion.

SUMMARY OF THE INVENTION

In view of this background, it was an object of the present
invention to provide means for an improved processing of
magnetic particles, particularly an improved attraction of
magnetic particles to a surface.

According to afirstaspect, a method is provided for attract-
ing magnetic particles to a surface, which will be called
“contact surface” in the following, by generating a pulsed
magnetic field according to a given actuation protocol. The
term “magnetic particles” shall comprise both permanently
magnetic particles as well as magnetizable particles, for
example superparamagnetic beads. The size of the magnetic
particles typically ranges between 3 nm and 50 pm. More-
over, the magnetic particles may comprise bound target com-
ponents one is actually interested in. The “contact surface”
will typically be the interface between the material of some
container or cartridge and a hollow sample chamber in which
a sample with magnetic particles can be provided. Moreover,
the expression “pulsed magnetic field” shall refer to a mag-
netic field that is repetitively switched between two different
states, particularly two different field strengths. Most prefer-
ably, one of these field strengths is zero, i.e. the pulsed mag-
netic field is repetitively switched “on” and “off”.

The actuation protocol that determines the temporal pul-
sation schedule of the magnetic field shall include a phase
which is called “local attraction phase” in the following,
wherein the duty cycle is smaller than about 10% during this
local attraction phase. Preferably, the duty cycle during the
local attraction phase is smaller than about 9%, more prefer-
ably smaller than about 7%, and most preferably smaller than
about 6%. As usual, the term “duty cycle” shall denote the
ratio between the duration for which the field is in a first state
to the total duration of one period of pulsation. In case of a
magnetic field that is switched “on” for a duration t,, and
then switched “off” for a duration t, ., the duty cycle DC is
typically defined as

o

Ion +loFF

According to a second aspect, a sensor device for the detec-
tion of magnetic particles at a contact surface comprises the
following components:
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a) A magnetic field generator for generating a magnetic
field that attracts magnetic particles to the contact surface.

b) A control unit for controlling the magnetic field genera-
tor in a pulsed operation according to an actuation protocol,
wherein said actuation protocol comprises a local attraction
phase during which the duty cycle of the pulsations is smaller
than about 10%.

As a method of the kind described above can be executed
by the sensor device, reference is made to the above descrip-
tion of said method for more information about the details of
the sensor device.

The described method and the sensor device apply an
attraction of magnetic particles to a contact surface by a
pulsed magnetic field with a extraordinarily short duty cycle
of less than 10%. In other words, the attraction of the mag-
netic particles is achieved during a local attraction phase by
switching the magnetic field off for more than about 90% of
the time. Surprisingly, this at first glance paradoxical
approach turns out to be very efficient in bringing magnetic
particles actually into contact with the contact surface.

In the following, various preferred embodiments will be
described that relate both to the method and the sensor device
described above.

According to a first particular embodiment, the duty cycle
ranges during the local attraction phase between about 2%
and about 5%. Magnetic attraction is then achieved by very
short, spike-like pulsations of the magnetic field.

In another embodiment, the actuation protocol comprises a
further phase, called “global attraction phase”, during which
the duty cycle of the pulsations of the magnetic field is larger
than about 25%, preferably larger than about 40%. The times
during which the magnetic field is “on” are hence approxi-
mately of the same order of magnitude as the times during
which it is “off”, i.e. the effects of magnetically forced attrac-
tion and free diffusion on the migration of the magnetic
particles are comparable on a temporal scale. The prolonged
effect of the magnetic attraction enhances particularly the
migration of magnetic particles that are still farther away
from the contact surface and not yet affected by the formation
of clusters. As the effects of the magnetic field are hence
predominant in the bulk of the sample at hand, the corre-
sponding phase of the actuation protocol has been called
“global attraction phase”.

Most preferably, the aforementioned global attraction
phase precedes the local attraction phase. The global attrac-
tion phase can then be used to concentrate magnetic particles
from within the whole sample volume at the contact surface,
while the subsequent local attraction phase is optimized with
respect to bringing the collected magnetic particles into
actual contact with the contact surface.

The frequency of the pulsation of the magnetic field ranges
during the local attraction phase preferably betweenabout 0.2
Hz and about 10 Hz, most preferably between about 1 Hzand
4 Hz. The frequency f determines how fast the periods of the
pulsation are repeated. With the notation introduced above, it
can be expressed as

J=Ultonttopr)

In practice, a frequency that yields optimal results is usu-
ally determined in dependence on various process param-
eters, for example the size of the magnetic particles.

The contact surface to which the magnetic particles are
attracted may optionally comprise binding sites for said mag-
netic particles, such that they can permanently be immobi-
lized at the contact surface. To achieve high binding rates, it is
important that the magnetic particles actually come into con-



US 9,207,210 B2

3

tact with the contact surface, which is favorably achieved by
the actuation protocol described above.

In general, the magnetic particles may be attracted to the
contact surface (and optionally be bound there) for various
reasons, for example in order to purify a sample. In an impor-
tant application, the magnetic particles are detected at the
contact surface during and/or after the execution of the mag-
netic actuation protocol. Such a detection may particularly be
done in combination with the aforementioned binding of
magnetic particles, wherein said binding is typically specific
with respect to different types of magnetic particles (the bind-
ing may e.g. be specific with respect to certain target mol-
ecules of a sample that are labeled with magnetic beads).

In the aforementioned embodiment, the detection of the
magnetic particles at the contact surface may optionally be
achieved with an optical, magnetic, mechanical, acoustic,
thermal and/or electrical sensor element. A magnetic sensor
element may particularly comprise a coil, Hall sensor, planar
Hall sensor, flux gate sensor, SQUID (Superconducting
Quantum Interference Device), magnetic resonance sensor,
magneto-restrictive sensor, or magneto-resistive sensor of the
kind described in the US 2008/0309329 or US 2006/
0194327, especially a GMR (Giant Magneto Resistance), a
TMR (Tunnel Magneto Resistance), or an AMR (Anisotropic
Magneto Resistance). An optical sensor element may particu-
larly be adapted to detect variations in an output light beam
that arise from a frustrated total internal reflection (FTIR) due
to magnetic particles at a sensing surface (cf. WO 2008/
155716).

The described method will typically be realized with the
help of a computing device, e.g. a microprocessor or an FPGA
in the control unit of the sensor device. Accordingly, the
present invention further includes a computer program prod-
uct which provides the functionality of any of the methods
according to the present invention when executed on a com-
puting device.

Further, the present invention includes a data carrier, for
example a floppy disk, a hard disk, an EPROM, or a compact
disc (CD-ROM), which stores the computer product in a
machine readable form and which executes at least one of the
methods of the invention when the program stored on the data
carrier is executed on a computing device. The data carrier
may particularly be suited for storing the program of the
computing device mentioned in the previous paragraph.

Nowadays, such software is often offered on the Internet or
acompany Intranet for download, hence the present invention
also includes transmitting the computer product according to
the present invention over a local or wide area network.

The invention further relates to the use of the sensor device
described above for molecular diagnostics, biological sample
analysis, chemical sample analysis, food analysis, and/or
forensic analysis. Molecular diagnostics may for example be
accomplished with the help of magnetic beads or fluorescent
particles that are directly or indirectly attached to target mol-
ecules.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the invention will be apparent
from and elucidated with reference to the embodiment(s)
described hereinafter. These embodiments will be described
by way of example with the help of the accompanying draw-
ings in which:

FIG. 1 schematically shows the formation of clusters of
magnetic particles at a contact surface during the “on” phase
of a pulsed magnetic field;
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FIG. 2 shows the diffusion of the magnetic particles of F1G.
1 during the “oft” phase of the pulsed magnetic field;

FIG. 3 is a diagram representing FTIR measurement sig-
nals (vertical axis, relative units) in dependence on the duty
cycle (horizontal axis) of a pulsed magnetic field for different
frequencies of the pulsation.

Like reference numbers in the Figures refer to identical or
similar components.

DESCRIPTION OF PREFERRED
EMBODIMENTS

In the following, the invention will be described with
respect to a biosensor for the detection of magnetic particles,
particularly the optical detection using frustrated total inter-
nal reflection (FTIR).

One of the main advantages of using magnetic particles in
abiological assay is that they can be actuated, which helps to
decrease the time needed to perform the assay. In one format,
the magnetic particles are actuated to a sensor surface, where
the number of nanoparticles that bind to the surface is depen-
dent on the concentration of an analyte. For a fast and efficient
assay, the contact between the particles and the sensor surface
has to be maximized to allow biological bonds to be formed.
To obtain a high surface contact in a short time, external
magnets may be used to attract the particles to the sensor
surface. Due to the magnetic attraction, the number of mag-
netic beads (particles) near the sensitive surface increases,
and the sensor signal increases accordingly.

FIGS. 1 and 2 illustrate the situation at the contact surface
11 of a sensor device 100. The sensor device 100 comprises a
(typically exchangeable/disposable) container or cartridge 10
with a sample chamber 2 in which magnetic particles 1 are
provided above said contact surface 11. Moreover, the sensor
device 100 comprises a readout unit 20 with magnets 21, 22
for generating a magnetic field B in the sample chamber and
with a detection unit (not shown) for detecting magnetic
particles at the contact surface 11. The detection unit may for
instance comprise a light source and a light detector for mea-
suring frustrated total internal reflection (FTIR) of a light
beam at the contact surface 11. The magnets 21, 22 are oper-
ated by a control unit 23 according to some given actuation
protocol.

In a real assay, a pulsed magnetic attraction schedule is
often used to attract magnetic particles 1 to the contact surface
11. In such a scheme, the magnetic field B is periodically
switched on and off. When the magnetic field is on, beads are
attracted towards the surface 11. When the magnetic field is
switched off, beads will diffuse towards the surface or away
from the surface, depending of their original position. More
details about the application of a pulsed magnetic field may be
found in the WO 2010/084383 A1, which is incorporated into
the present application by reference.

Experiments indicate that the number of magnetic particles
that come in contact with the contact surface is far from
optimal when the magnet is switched on, degrading the per-
formance of the assay. When the magnet is switched off, the
immediate decrease in signal that follows indicates that many
particles were close to, but not in contact with the surface.
One explanation for this phenomenon could be that the mag-
netic field lines to which the strings of particles align are not
perfectly parallel to the sensor surface, as observed in simu-
lations of the magnetic field and indicated in the schematic
illustration of FIG. 1. In the magnetic field B of the magnet 21,
22, the magnetic particles 1 form large strings or chains along
the field lines. As a result, fewer particles are close enough to
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the contact surface 11 to be detected (the boundary of detec-
tion is indicated by a dashed line in FIGS. 1 and 2).

FIG. 2 illustrates the situation when the magnet 21, 22 is
switched off. Now the magnetic particles 1 can diffuse to the
contact surface 11.

In view of the above, a method is proposed here to increase
the biosensor signal by using a new actuation protocol. With
this new actuation protocol, current hardware configurations
can still be used.

In the following, it will first be explained why a pulsed
actuation protocol works better than a continuous magnetic
actuation protocol under the condition that both methods
consume the same amount of energy. On first thought one
would expect that continuous magnetic attraction is better
than pulsed actuation because during a larger amount of time
the magnetic beads are attracted towards the surface. This is
only partially true. Indeed more magnetic beads are collected
near the surface in the same amount of time by continuous
attraction. However, from experiments it has been shown that
only a small fraction of the particles which are collected near
the surface will actually be able to reach and bind to the
surface. This is caused by the magnetic bead-bead interaction.
As soon as the surface is covered with a certain amount of
beads (e.g. approximately 10% at the center but even lower
near the poletips of the magnets), beads approaching the
surface will be attracted by the beads which are already
present on the surface due to the magnetic actuation force.
This process is known as “magnetic clustering”. Because the
magnetic field makes an angle with the surface, the clustered
beads will be outside the detection region (cf. FIG. 1). So,
although these beads are attracted by the magnetic field, they
will not make contact with the surface and therefore cannot
bind to the surface. Only when the magnetic field is switched
off, the clustered beads will be released and by diffusion are
able to make contact with the surface (cf. FIG. 2). When the
magnetic field is continuously switched on, the clustered
beads will never come into contact with the surface and the
signal remains low (typically only 3-10% of the available
100% signal). Therefore, for a pulsed actuation protocol both
the attraction time (t,,,) as well as the time that the magnetic
field is switched off (t ) are important. During the attrac-
tion time the beads are transported to a region near the surface
where the concentration of beads increases. During the time
the magnetic field is off, the beads can actually reach the
surface through diffusion and bind. The ratio t 5/(tox+tors)
is called the “duty-cycle” (DC) of the actuation protocol. To
achieve quickly a large signal, the number of beads trans-
ported to a region near the surface during the ON-phase
should match the number of beads transported to the surface
by means of diffusion during the OFF-phase. This can be
equated as follows:

Ronton=Rorrtorr
where R, and R - are respectively the transport rates (ex-
pressed in beads/sec) during the ON and OFF phase, i.e. the
transport rates during magnetic attraction and diffusion. The
optimum duty-cycle of the pulsed signal can therefore be
expressed in the transport rates:

R,
__TOFF _pc
Ron + Rorr

The duty cycle indicates the percentage of time that the
actuation field is ON. This equation shows that the duty-cycle
of the pulsed actuation signal is important and has to be
optimized given the transport rates of the system.
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When the magnet is switched on, the unbound particles are
immediately pulled back from the surface, supposedly to
form the large strings as it is shown in FIG. 1. From these
measurements it can be concluded that only a very short pulse
of the magnet is needed to form the strings and that a longer
pulse does not contribute much to the surface contact of the
particles. In other words, the duty cycle must have a certain
amplitude and duration sufficient to attract the magnetic par-
ticles and reduce the time which the particles spend in the
string. Furthermore, this pulse has to be succeeded by a long
“off” time tailored to the specific situation, i.e. the distance
that has to be spanned and the size of the used particles. A last
consideration that has to be taken into account is that the
chance that a bond is formed is not only dependent by the
amount of particles that come in contact with the surface, but
also the number of times the whole process is repeated.

Experimental data show that the total signal change (e.g. of
the FTIR measurement signal obtained with the sensor device
100 of FIGS. 1, 2) slightly depends on the frequency f of the
actuation. FIG. 3 illustrates the influence of the duty-cycle
(DC) and how it can be optimized. The diagram shows experi-
mental results that were performed in human plasma with
troponin concentration of 250 pM. An index “Up” at a curve
means that an Up-concentration step (global attraction phase)
was used in this experiment. For low (2-5%) DCs the process
is diffusion-limited, but a high signal level can be obtained.
The low DC approach is not possible for an up-concentration
step, as beads have not enough time to reach the contact
surface. Therefore, the actuation protocol is preferably split in
two parts. The goal of the first part is the up-concentration of
the magnetic beads near the contact surface. For this “global
attraction phase” a high DC is used, for example a DC of
about 50%. In experiments, the concentration speed was opti-
mal for high levels of the DC, and it was possible to attract
almost all beads from the volume of a sample chamber with a
height of 100 um within 3-5 seconds.

The following table represents an exemplary actuation pro-
tocol for a troponin assay:

Actuation

Set f DC
Actuation Set Cycles  [HZ] [%]
Calibration step 5
Incubation step (target molecules capturing) 20 2 20
Up-concentration step (attraction towards 5 5 50
sensitive surface)
Binding step (formation of molecular 195 2 5
“sandwich”)
Washing step (removes unbound nanoparticles) 10

“Actuation Set Cycles” = duration of specific step of the actuation protocol in seconds
“P” = pulsation frequency of the magnetic actuation field
“DC” = duty cycle of the magnetic actuation field

In summary, a magnetic actuation protocol using a low
duty cycle (DC) is proposed. The actuation protocol is pref-
erably split into an up-concentration part (with high/“normal”
DC) and a gentle actuation with low DC. During the up-
concentration part, beads are attracted within short time to a
sensor surface. The gentle attraction part of the actuation
protocol with the low duty-cycle (typically 2-5%) is diffu-
sion-limited, but a high signal level can be obtained.

While the invention was described above with reference to
particular embodiments, various modifications and exten-
sions are possible, for example:

The sensor device can comprise any suitable sensor to

detect the presence of magnetic particles on or near to a
sensor surface, based on any property of the particles,
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e.g. it can detect via magnetic methods (e.g. magnetore-
sistive, Hall, coils), optical methods (e.g. imaging, fluo-
rescence, chemiluminescence, absorption, scattering,
evanescent field techniques, surface plasmon resonance,
Raman, etc.), sonic detection (e.g. surface acoustic
wave, bulk acoustic wave, cantilever, quartz crystal etc),
electrical detection (e.g. conduction, impedance,
amperometric, redox cycling), combinations thereof,
etc.

In addition to molecular assays, also larger moieties can be
detected with sensor devices according to the invention,
e.g. cells, viruses, or fractions of cells or viruses, tissue
extract, etc.

The detection can occur with or without scanning of the
sensor element with respect to the sensor surface.

Measurement data can be derived as an end-point measure-
ment, as well as by recording signals kinetically or inter-
mittently.

The particles serving as labels can be detected directly by
the sensing method. As well, the particles can be further
processed prior to detection. An example of further pro-
cessing is that materials are added or that the (bio)
chemical or physical properties of the label are modified
to facilitate detection.

The device and method can be used with several biochemi-
cal assay types, e.g. binding/unbinding assay, sandwich
assay, competition assay, displacement assay, enzymatic
assay, etc. It is especially suitable for DNA detection
because large scale multiplexing is easily possible and
different oligos can be spotted via ink-jet printing on a
substrate.

The device and method are suited for sensor multiplexing
(i.e. the parallel use of different sensors and sensor sur-
faces), label multiplexing (i.e. the parallel use of differ-
ent types of labels) and chamber multiplexing (i.e. the
parallel use of different reaction chambers).

The device and method can be used as rapid, robust, and
easy to use point-of-care biosensors for small sample
volumes. The reaction chamber can be a disposable item
to be used with a compact reader, containing the one or
more field generating means and one or more detection
means. Also, the device, methods and systems of the
present invention can be used in automated high-
throughput testing. In this case, the reaction chamber is
e.g. a well-plate or cuvette, fitting into an automated
instrument.

With nano-particles are meant particles having at least one
dimension ranging between 3 nm and 5000 nm, prefer-
ably between 10 nm and 3000 nm, more preferred
between 50 nm and 1000 nm.

Finally it is pointed out that in the present application the
term “comprising” does not exclude other elements or steps,
that “a” or “an” does not exclude a plurality, and that a single
processor or other unit may fulfill the functions of several
means. The invention resides in each and every novel char-
acteristic feature and each and every combination of charac-
teristic features. Moreover, reference signs in the claims shall
not be construed as limiting their scope.

The invention claimed is:
1. A method for attracting magnetic particles to a contact
surface comprising:

generating a pulsed magnetic field with a duty cycle larger
than about 25% to create a “global attraction phase”
which concentrates magnetic particles at the contact
surface and generating the pulsed magnetic field with
the duty cycle smaller than about 10% to create a “local
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attraction” phase in which the magnetic particles are
attracted and diffuse to contact the contact surface.

2. The method according to claim 1, wherein the duty cycle
ranges between about 2% and about 5% during the local
attraction phase.

3. The method or the sensor device according to claim 1,
wherein the global attraction phase precedes the local attrac-
tion phase.

4. The method according to claim 1, wherein a frequency of
the pulsed magnetic field during the local attraction phase
ranges between about 1 Hz and about 4 Hz.

5. The method according to claim 1, wherein the contact
surface comprises binding sites for the magnetic particles.

6. The method according to claim 3, further including:

detecting the magnetic particles at the contact surface dur-
ing and/or after the local attraction phase.

7. The method according to claim 1, further including:

detecting the magnetic particles at the contact surface with
an optical, magnetic, mechanical, acoustic, thermal, or
electrical sensor element.

8. A non-transitory computer-readable medium carrying
software configured to control a magnetic field generator to
carry out the method according to claim 1.

9. The method according to claim 1, wherein the magnetic
particles label molecules and further including:

detecting the magnetic particles at the contact surface to
perform at least one of molecular diagnostics, biological
sample analysis, chemical sample analysis, food analy-
sis, and/or forensic analysis.

10. A method of detecting target molecules labeled with

magnetic particles comprising:

pulsing a magnetic field with a duty cycle between about
2% and about 5% to attract the molecules labeled with
the magnetic particles to a contact surface; and

during the pulsing, detecting the molecules labeled with
the magnetic particles at the contact surface.

11. The method according to claim 10, further including:

prior to pulsing the magnetic field with the duty cycle
between about 2% and about 5%, pulsing the magnetic
field with a duty cycle greater than about 25%.

12. A sensor device for the detection of magnetic particles

at a contact surface comprising:

a) a magnetic field generator configured to generate a mag-
netic field that attracts magnetic particles to the contact
surface;

b) a controller configured to control the magnetic field
generator to generate a pulsed magnetic field with a duty
cycle smaller than 10% during a “local attraction phase™
to attract the magnetic particles.

13. Use of the sensor device according to claim 12 for
molecular diagnostics, biological sample analysis, chemical
sample analysis, food analysis, and/or forensic analysis.

14. The sensor device according to claim 12, further
including:

a sensor element configured to detect the magnetic par-
ticles at the contact surface during the “local attraction
phase”.

15. The sensor device according to claim 12, wherein the
controller is further configured to control the magnetic field
generator to pulse the magnetic field with a duty cycle greater
than 25% preceding the “local attraction phase”.

16. The sensor device according to claim 15, further
including:

a sensor element configured to detect the magnetic par-

ticles at the contact surface during the “local attraction
phase”.
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17. The sensor device according to claim 16, wherein the
contact surface includes binding sites for the magnetic par-
ticles.

18. The sensor device according to claim 16, wherein the
sensor element includes one of an optical, magnetic,
mechanical, acoustic, thermal, or electrical sensor element.

19. The sensor device according to claim 15, wherein dur-
ing the local attraction phase, the controller is configured to
control the magnetic field generator to generate magnetic
field pulses with a duty cycle between 2% and 5%.

20. The sensor device according to claim 19, wherein the
controller is configured to control the magnetic field genera-
tor to pulse the magnetic field with a frequency between about
0.2 Hz and about 10 Hz during the “local attraction phase”.
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